The coordinate appearance of the bispecific NAD(P)H-nitrate reductase (NR; EC 1.6.6.2) and nitrite reductase (NiR; EC 1.7.7
In this paper, we analyze the regulation by nitrate and light of NR and NiR gene expression in leaves and roots from hydroponically grown birch seedlings. In vitro assays were performed to measure the appearance of both enzymes in ammonium-grown plants that were transferred to a nitratecontaining medium. NR-and NiR-encoding mRNA pools were determined with the homologous cDNAs as probes.
MATERIALS AND METHODS

Plant Growth Conditions
European white birch (Betula pendula Roth) seedlings (purchased from Rathe, Wietzel/Celle, Germany) were grown in hydroponic culture as proposed by Ingestad (14, 15 ) with a medium containing 5.4 mm ammonium as the sole nitrogen source under a periodic light and temperature regimen of 16 h light (32 Wm-2 white light) at 250C and 8 h darkness at 170C. After 5 weeks in hydroponic culture and 32 h before nitrate induction was started, plants were placed in continuous light or darkness. Subsequently, the seedlings were transferred to a medium containing 10 mm potassium nitrate but lacking ammonium (14, 15) and further kept in continuous light or darkness. Alternatively, seedlings were kept in continuous light in the medium containing 5.4 mm ammonium without nitrate. In all experiments, the roots of illuminated plants were darkened to avoid light interception by this tissue.
Nitrate, the major source of nitrogen for higher plants, is reduced to ammonium in a two-step process catalyzed by NR' and NiR. Whereas NR is a cytosolic enzyme, NiR is a nuclear-encoded chloroplast protein that is synthesized in the cytoplasm and imported into the plastid (6) . The appearance of nitrate assimilatory enzymes is regulated by the plant. In plants, the regulation of NiR expression shares some common features with that of NR, which is thought to be the key enzyme with respect to regulation of the nitrogen flux from nitrate to amino acids: both enzymes are highly regulated by nitrate and light (5, 29) .
Although molecular approaches to the study of nitrate assimilation have focused on herbaceous species, little is known about this phenomenon in woody species. For that reason and because of the involvement of European white birch (Betula pendula) in forest disease, we investigated nitrate assimilation of this tree. Recently, we isolated cDNAs encoding the bispecific NAD(P)H-NR (9) and NiR (10) from birch. For RNA blot hybridization, 20 Ag of total cellular RNA was subjected to electrophoresis through a 1.2% agarose gel after denaturation with glyoxal (28) and blotted onto nitrocellulose. To ensure that equal amounts of RNA were loaded on the gels, the ethidium bromide-stained patterns of ribosomal RNA were photographed and quantified by densitometer (LKB, Ultroscan XL) tracings of the negative (Polaroid, 10 x 8 cm). Blots were probed with the NR cDNA insert of the BCNR1 clone (9) or the NiR cDNA insert of the BCNIR7 clone (10) under the following conditions: 40% (v/v) formamide; 5 x SSPE (0.75 M NaCl, 50 mm NaH2PO4, pH 7.4, 5 mM EDTA); 5% dextran sulfate; and 100 ,ug mL-1 denaturated salmon sperm DNA. Filters were incubated at 420C for 16 h, subsequently washed twice in 1 x SSPE at 420C, and once in 0.1 x SSPE to increase stringency. Densitometer tracings of autoradiograms from different exposure times were used to measure relative RNA levels.
The data for NR mRNA and NiR mRNA levels are based on two independent experiments each. The results obtained were always identical in principle.
RESULTS
Induction of NR
When birch seedlings were grown on a medium containing 5.4 mm ammonium as the sole nitrogen source, low levels of activity (Fig. 1A) and mRNA (Fig. 1B) were measured in leaves. The values, however, never exceeded 5% of the maximum values found after induction with nitrate. In roots, neither NR activity (Fig. 1C) nor mRNA (Fig. 1D ) was detectable under these conditions. The lack of NR expression in roots in the absence of nitrate was due to the presence of ammonium in the medium. When birch seedlings were grown on media containing different concentrations of ammonium, NR activities in roots increased with decreasing concentrations of NH4' (Table I ). In leaves, such an effect of ammonium on NR expression was not observed.
The low constitutive values of NR activity and mRNA in illuminated leaves in the absence of nitrate declined to undetectable levels when seedlings were transferred to darkness (data not shown). No NR expression was found in leaves and roots of darkened plants even in the presence of nitrate (Fig.  1, A-D) .
Upon the addition of nitrate to illuminated seedlings, NR activities dramatically increased in leaves and roots. NR induction was significantly faster in leaves, reaching 50% of the maximum value after 10 h of incubation (Fig. 1A) , whereas in roots, this value was reached after 14 h (Fig. 1C) . Maximum NR activities were measured after 20 h in leaves and 24 h in roots. The differences in NR induction kinetics between both organs were even more pronounced when NRencoding mRNA pools were compared. A rapid increase of NR mRNA was found in leaves, with peak accumulations after 2 h of incubation (Fig. 1B) (9) .
Induction of NiR
In contrast with NR expression, significant levels of NiR activity (Fig. 1, E and G) and NiR mRNA (Fig. 1, F and H) were detected in leaves as well as roots from birch seedlings grown on a medium containing ammonium as the sole nitrogen source. In both organs, these constitutive levels corresponded to about 25% of the maximum NiR activities and to 5 to 10% of the maximum NiR mRNA pools measured after induction with nitrate. No significant effects of ammonium on NiR activities were found in leaves and roots (not shown).
The constitutive expression of NiR in leaves and roots did not decline when seedlings were transferred to darkness (Fig.  1, E-H) . When darkened plants were incubated with nitrate, no increased NiR expression was observed in leaves ( Fig. 1,  E and F) . In roots, NiR activity (Fig. 1G) and NiR mRNA level (Fig. 1H) (9) . Although a bispecific nitrate reductase has also been found in a few herbaceous species, this enzyme is always accompanied by a monospecific NADH-NR, which is the major nitrate-reducing enzyme in these plants (5) . Whereas NAD(P)H-NRs are usually constitutively expressed in only low amounts, this is not the case in birch. Upon transfer of ammonium-grown seedlings to a nitrate-containing medium, NR activities dramatically increased in leaves and roots of illuminated plants. This induction strictly depends on the presence of light, thus resembling the situation found for NADH-specific NR in herbaceous species (11, 18, 23 (11) . This could not be tested in birch due to the lack of NR-specific antibodies.
However, the dynamics of NR induction suggest a close correlation between mRNA pools, NR synthesis, and NR activity.
In roots, the highest NR mRNA level was found at a time (16 h after induction with nitrate) displaying highest increase of NR activity. In leaves, the situation is more complicated, because the increase of NR activity follows a biphasic curve. The first and second maxima of increases in NR activity (between 2 and 4 h and around 12 h after induction with nitrate) are only slightly preceded by the first and second peaks of the NR mRNA levels (around 2 and 12 h after induction).
It is unknown whether the observed accumulation of NR mRNA in birch plants is due to an increased transcription rate, a decreased mRNA turnover, or both mechanisms. Evidence from run-off transcription experiments with soybean nuclei (4) and NR gene expression in transgenic tobacco plants (27) indicates that NR mRNA levels are mainly, if not exclusively, regulated by the rate of transcription. The decline in NR mRNA after peak accumulation in leaves and roots argues for a negative feedback control of NR mRNA synthesis and/or degradation in birch. Probably this reflects a general mechanism of NR regulation in plants, because similar changes of NR mRNA pools following the induction by nitrate were also found in herbaceous species (11, 18) . Although feedback regulation of NR by products of nitrate assimilation has been reported for fungi (21) , the stimuli involved in plants are not known.
With respect to the dynamics of nitrate assimilation within the whole plant, the observed differences between NR induction kinetics in leaves and roots are remarkable. In contrast with barley (18) , NR in birch is induced significantly faster in leaves than in roots. This is probably due to an inhibitory effect of ammonium on NR induction detectable only in roots (Table I) Accumulations of NiR-encoding mRNAs following the addition of nitrate have been observed in spinach (1, 24) , maize (16) , and pea (12) . Induction of f-glucuronidase mRNA by nitrate in a transgenic tobacco plant line harboring a spinach NiR promotor-f-glucuronidase construct was also reported (2) . In spinach, NiR-encoding mRNA pools are not affected by light, whereas NiR synthesis is inhibited in the dark (24) . In mustard seedlings, however, the appearance of NiR mRNA is controlled by light via phytochrome, whereas nitrate seems to control translation (22) .
The presence of alternative mechanisms involved in the regulation of NiR by nitrate and light among plants is confirmed by the results obtained from birch. In leaves, both nitrate and light are required to increase NiR mRNA level and activity, similar to the situation found for NR. In roots, nitrate induces both NiR mRNA and activity in the dark, whereas light only enhances the induction. These organspecific differences correspond to the fact that nitrite reduction depends directly upon light energy in leaves but not in roots. The enhanced NiR induction found in roots in the presence of light might be referred to as an increased energy charge within the whole plant. Alternatively, this phenomenon could be due to a translocatable, photoinducible factor or to light piping (8) .
Expression of NiR is not repressed by ammonium in leaves or roots from birch as was shown for maize (16) . Hence, the faster NiR induction in birch leaves, which is opposite to the situation in maize, cannot be due to an inhibitory effect of ammonium in roots. Probably, the diverging induction kinetics is additional evidence for the existence of plant-specific and tissue-specific differences of NiR regulation.
When induction kinetics of NR and NiR are compared, the effects of nitrate and light on the expression of both genes are synergistic. However, NiR is expressed constitutively in considerable amounts and is induced significantly faster than NR in both leaves and roots. This can be interpreted as a safety measure to prevent nitrite accumulation.
